Abstract-Clonus is defined as an involuntary rhythmic muscle contraction that generally occurs in people who have sustained lesions involving descending motor pathways in the neuraxis, and is usually accompanied by other signs of reflex hyperexcitability such as spasticity. This paper hypothesizes that clonus arises when two conditions occur simultaneously:
signals derived from muscle spindles and Golgi tendon organs. The stretch reflex, which is the primary autogenetic reflex, is a localized, negative feedback loop that provides the first line of active resistance when the body interacts with the environment. The primary limitation with such control circuits is that large loop gains are necessary for the reflex to be effective in resisting perturbations, and with significant delays present in some of these pathways, the potential for instability arises. Under normal conditions, however, gains in the stretch reflex pathways have been shown to be low [21] . When the excitability of the motoneuron pool is increased (for instance following stroke or spinal cord injury), the functional behavior of the reflex can change significantly, such that unstable behavior can potentially occur. We believe that this tendency for instability leads to behavior known as clonus, in which muscles at distal joints undergo rhythmic or oscillatory contraction when central nervous system excitability is modified as a result of concurrent neurological disease. It is our objective here to examine the relative influence of increasing motoneuron excitability, reflex pathway delay, and muscle contractile properties in mediating these reflex oscillations.
Despite several studies analyzing clonus behavior [2] , [3] , [6] , there still exists considerable debate as to the underlying mechanism(s). The most commonly accepted explanation for clonus is that it is due to a self reexcitation of hyperactive stretch reflexes [1] , [2] , [4] , [18] . At the ankle for example, clonus can be initiated by applying a rapid dorsiflexing force to the bottom of the foot, resulting in muscle lengthening. Following plantarflexion due to an initial reflex contraction, the muscle will relax allowing the persistent load to stretch the plantar flexors once more, further activating muscle spindle receptors. This second increase in Ia afferent discharge induces another reflex contraction of the muscle. This repetitive sequence of events gives rise to oscillatory ankle movements, with frequencies ranging from 3 to 8 Hz.
In contrast, others have proposed that clonus arises from the action of a central oscillator which, once turned on by appropriate peripheral events, will rhythmically excite the motoneurons. These authors assert that stretch reflex pathways play either no part [6] or a very limited part [3] in sustaining the oscillatory movements.
We hypothesize that clonus arises when two conditions occur simultaneously. First, the reflex pathway includes long conduction, or transport delay times, and second, the excitability of the motoneurons is enhanced through reductions in synaptic current threshold. The first characteristic is inherent in certain reflex pathways to distal muscles, thus making them marginally stable. Unstable behavior is then revealed if the second condition, a change in motoneuronal excitability arises. This reduction in current threshold in the motoneurons is characteristic of spastic hypertonia [23] .
The objective of our study was to investigate the effects of changes in motoneuron excitability and increasing loop delay (from both pathway delays and muscle contractile properties) on the stability of the stretch reflex in man. By developing a computer model representative of the ankle stretch reflex pathway, we could simulate a wide range of physiological conditions in order to better understand how each affect reflex behavior and determine the possible mechanisms underlying clonus. Portions of this work have been previously reported [5] .
II. METHODS
The complete model of the reflex pathway is shown in Fig. 1 , which consists of the soleus muscle, its activation dynamics, muscle spindles, a motoneuron pool, reflex pathway delay, and a mechanical load. Each of these components is represented by previous models described in the literature, using parameters based on both human data and cat data.
A. Muscle Model
A schematic of the complete muscle model, with motoneuron activation level as the input and torque as the output, 1 is shown in Fig. 2 . Since clonus can be exhibited in subjects with their knees in extreme flexion, this would indicate that the soleus is largely responsible for generating the majority of plantarflexion torque, as the gastrocnemius would be working at the end of its torque-angle relation. Furthermore, Cook [11] showed that during clonus, the ankle dorsiflexors remain relatively quiet and that blocking the common peroneal nerve had no effect on the oscillation amplitude or duration. Therefore, the reflex model contained only the soleus as a single plantarflexion muscle group. During a typical clonus cycle, the muscle begins producing torque while lengthening and continues to be active into the shortening phase. As a result, both concentric and eccentric torque-velocity relationships needed to be represented.
A modified Hill model [31] was used to determine the soleus contractile element velocity during concentric contractions. The rate of shortening and the torque across the contractile element were related as follows: (1) where is the contractile element length, is the muscle torque, is the isometric muscle torque, and are empirical constants, and is a length scaling function. The modification to Hill's original model was the incorporation of the length scaling function, a change necessary so that predictions could be made for different muscle lengths. Mashima et al. [29] extended the Hill model to describe lengthening velocities using the following expression: (2) with the variables in (2) having the same physical meaning as in (1) . The parameters, and for both (1) and (2) were selected from the work of Hof and Van Den Berg [14] [15] [16] , whose estimates were based on human soleus torque-velocity data during concentric movements. Although these parameters may be quite different for concentric and eccentric muscle contractions, the same and values were used in both equations since values for the human soleus during eccentric contractions have not been quantified. The torque-angle relation (similar to force-length with the incorporation of moment arm), was represented by a nonlinear scaling function, that ranged in value from 0 to 1, and was estimated using the angle of the contractile element. The relation was such that with the ankle in dorsiflexion, had a value of "1," when the ankle was in extreme plantarflexion, was "0," and for angles in between, decreased linearly with increasing [14] . The series elastic component (SEC), which characterizes the stiffness of the muscle, was represented by a nonlinear function whose stiffness was a function of SEC length (or angle in this application). With the total angle of the joint being the sum of the contractile element angle and the series elastic component angle, the joint torque could be calculated as (3) where is the series elastic stiffness, and and are the velocities of the ankle and contractile element, respectively.
B. Activation Dynamics
Muscle activation dynamics were described by two coupled, first-order differential equations [19] , which describe the torque rise and decay time constants, or equivalently the muscle's natural frequency and damping ratio. This relation is expressed mathematically as (4) where is the neural input, , , and are empirical constants, is an intermediate variable, and is the activation output. The three activation dynamics constants as well as the isometric muscle torque were chosen so that the model accurately predicted isometric muscle twitch data collected from subjects with spinal cord injury (see Fig. 9 ).
C. Muscle Spindle Model
The muscle spindle model was based on the work of Matthews and Stein [20] who found that, under certain conditions, spindle output could be fitted by a first order, linear transfer function. The spindle firing rate was related to joint angle and joint velocity as (5) with and the joint angle and velocity, the spindle gain, the time delay in the feedback pathway, and the corner frequency. Spindle gain was selected so that during the lengthening phase of each ankle oscillation, the spindle peak firing rates did not exceed 25 imp/s [12] . Corner frequency was estimated to be 1.6 Hz [20] .
D. Motoneuron Pool
The dynamic input-output properties of the mammalian motoneuron pool are still unknown. However, computer simulations of the motoneuron pool derived from steady state conditions have shown good qualitative agreement with experimental data in animal preparations [13] , [28] . A characterization of the input-output relation for the motoneuron pool is well represented by a Gaussian cumulative distribution function as shown in Fig. 3 , which relates synaptic current and EMG [28] . We used spindle Ia firing as the input to the pool as we assume synaptic current scales linearly with spindle firing rate.
The motoneuron pool transformation establishes a scaling function representing motoneuron activation, which ranges between 0 and 1, and is a function of the amount of spindle input to the motoneuron pool. Modeling the pool as a continuous function is a valid approximation, since the entire motoneuron pool for the human soleus is made up of hundreds of units and the discrete increases in output due to the recruitment of individual units would nearly approximate a smooth signal (see [13] ). The shape of the function describing the motoneuron pool is determined by both motor unit recruitment and by rate modulation. Near threshold in the curved region, unit recruitment dominates while rate modulation occurs during the linear portion [13] . The influence of the shape of this function on the model behavior is discussed in more detail in the Discussion section.
Since motoneuron gain and synaptic current threshold cannot be measured directly in man, values were first selected so that the model simulated stable reflex responses that would be expected in normals. The synaptic current threshold was then varied, while holding all other parameters constant, in order to predict its influence on the stretch reflex response.
E. Mechanical Load
The mechanical load represents the passive properties at the ankle, including foot inertia , joint viscosity , and joint stiffness
. Typical values for the model used throughout the simulations were 0.007 kg-m 2 , 0.3 N-m s/rad, and 15 N-m/rad [27] . 
III. RESULTS

A. Effects of Changes in Motoneuron Current Threshold
The first set of simulations was done to examine how motoneuron excitability, which is expressed through the synaptic current threshold, affected the stability of the stretch reflex. Typically, the current threshold is a measure of the effective synaptic current injected at the motoneuron soma required to induce motoneuron firing [13] . In this application, the threshold corresponded operationally to the spindle firing rate required to elicit motoneuron discharge.
There are two important qualifications for the latter approach. The first is that we assume all other synaptic inputs to the motoneuron pool are held constant during the perturbation. In other words, the only input that will generate significant additional depolarization of the motoneuron is the synaptic current generated by the muscle spindle afferents. The second is that since we cannot directly quantify motoneuron or biophysical properties in man, the purpose of the model was not to directly estimate the current threshold value for spastic and normal subjects, but rather to determine the influence of major threshold variations on reflex behavior. Fig. 4 (a) illustrates a simulation of a typical reflex response to a quick stretch of the soleus muscle in a subject with no neurological impairment. 2 After the application of the load to Historically, clonus had been reported to occur at frequencies ranging between 5-8 Hz, although we have frequently observed lower frequencies for clonus at the ankle of our subjects with spinal cord injury, ranging from 3 to 6 Hz. The reason the simulated frequency is lower than the reported values can be attributed to the size of the load applied to the foot in each of our simulations. As was originally shown by Rack et al. [4] , the frequency of clonus is heavily dependent on the loading conditions at the periphery (see discussion). With various mass-spring combinations, they found the frequency varied between 2.5 and 5.7 Hz. Therefore, had we chosen a lighter load, the system's natural frequency would have invariably increased in a similar way.
Simulations were performed in which motoneuron current threshold was varied systematically from levels used in normals to thresholds resulting in sustained clonus. For each simulation, the settling time 3 was calculated in order to determine the direct relation between current threshold and oscillation duration. We show in Fig. 5 that as motoneuron current threshold is reduced, the settling time increases until saturating at 5 s. This value corresponded to sustained oscillations as the duration of each simulation was 5 s, and at the end of this time period, the oscillation amplitude was not decaying but was constant from cycle to cycle. The real relationship in humans may be much different from that shown here as our parameters were only estimates. Fig. 5 primarily shows 3 The settling time is defined as the time for the reflex response to reach 2% of its final value.
that with decreasing motoneuron threshold, oscillatory reflex behavior will occur.
B. Effects of Changes in Transport Delay
One major source of delay in the generation of a monosynaptic reflex response is the neural conduction time in the reflex pathway. Delays present in a negative feedback pathway, as described in the Introduction, can have a destabilizing effect on the system's behavior. In particular, rather than resisting ankle stretch, loop delays are responsible for inappropriate compensatory movements that increase force at the wrong time. To examine how time delays affected the reflex response, we ran simulations with various pathway delays. In essence, our procedure is equivalent to bringing the soleus muscle closer to or further from the spinal cord, thereby changing the conduction distance.
Our initial simulations (described earlier) which analyzed motoneuron threshold effects were all run using a pathway delay of 50 ms, a value typical for the ankle flexors and extensors in the adult human [30] . As shown in Fig. 6(a) , the model predicts sustained ankle oscillations when this delay is coupled with a low motoneuron current threshold. When the delay was reduced from 50 ms to 25 ms while holding all other parameters constant, the sustained oscillatory behavior no longer occurred but rather damped out as shown in Fig. 6(b) . When the loop delay was further reduced to 10 ms, the oscillations decayed even faster [see Fig. 6(c)] . From a systems standpoint, we can see that the more prolonged the delay, the greater the phase lag between stretch and muscle activity. When this phase reaches 180 , the reflex response will no longer resist perturbations and spontaneous oscillations can be expected to occur. Simulations were run with delays varying between 10 and 60 ms to look at their effects on oscillation frequency. It is illustrated in Fig. 7 that with increasing delay, the oscillation frequency decreases, a typical outcome for a closed loop, negative feedback system.
To develop a global picture of how motoneuron threshold and pathway delay each affected reflex behavior, simulations were run at various thresholds, while at each threshold, pathway delay was varied from 5 to 60 ms. For each 5 s simulation, the net reflex activity was calculated by integrating the total reflex response, then subtracting the component due only to the passive mechanical properties of the ankle. 4 We show in Fig. 8 that reflex activity increases as motoneuron threshold is reduced and/or pathway delay increases. Had the simulations continued beyond 5 s, the amount of reflex activity in some of the hyperexcitable cases would have been much higher (i.e., sustained clonus would result in infinite activity), further demonstrating how stability decreases with reductions in threshold and increases in delay.
C. Effects of Muscle Properties
Another important source of delay in the reflex pathway is attributable to the muscle contractile properties themselves. These delays are composed of calcium dynamics, myofilament cross bridging, and the effects of both series elastic and tendon compliance on muscle fiber length change. Although there is evidence that in pathological conditions, slow twitch muscle fibers may in fact take on the characteristics of fast twitch fibers [25] , the general input-output behavior of the muscle will still remain broadly similar to that of a low-pass filter [8] .
We thought it might be instructive to see whether changes in muscle twitch contraction times would also affect reflex stability. For the previous simulations described above, slow twitch characteristics were used in the activation dynamics model, such that twitch responses predicted by the muscle model were similar to those recorded from the soleus of subjects with a spinal cord injury (see Fig. 9 ). With a low current threshold coupled with normal pathway delays, sustained oscillations resulted, as shown in Fig. 10(a) . We then modified the activation dynamics parameters so that twitch responses were similar to fast twitch fibers, as illustrated in Fig. 9 . Fig. 10(b) shows that when all other parameters are held constant, the oscillations no longer sustain, but rather damp out at a frequency of just over 4 Hz. Therefore, it can be concluded that delays in the reflex pathway, whether from transport delays or low-pass filtering in the muscle, do indeed have an affect on reflex stability.
IV. DISCUSSION
The results in this study demonstrate that clonus may result from a self reexcitation in a stretch reflex pathway when two conditions occur simultaneously: 1) the reflex pathway contains significant delays stemming from prolonged pathway conduction time, perhaps exacerbated in slow twitch muscles fibers and 2) the excitability of the motoneurons is enhanced. The fact that clonus and spasticity usually, but not invariably, coexist is not surprising since we believe they have common origins. In many lesions of the neuraxis, such as in stroke or spinal cord injury, there appear to be alterations in the net inhibition of segmental neurons. As a result, the balance of synaptic input to the motoneurons is changed in favor of net excitation, and the membrane may show sustained depolarization. Consequently, the motoneurons would become Fig. 9 were substituted into the model while holding all other parameters constant, the oscillations damped out. hyperexcitable, since they will sit closer to their recruitment thresholds. A smaller amount of excitatory synaptic input will then initiate an action potential. Clonus emerges when increased motoneuron excitability occurs in muscles with long transport (or conduction) delays. Thus, clonus is simply an extended outcome of spasticity. Although these conditions generally hold, clonus is sometimes absent in subjects who are extremely spastic, even in muscles with long delays. This may be attributed to a high level of tonic activity, in which the muscle remains active rather than the turning off and on during cyclical motion.
From an engineering point of view, the oscillatory behavior observed in clonus is similar to closed loop oscillations seen in a negative feedback controller that contains high feedback gains coupled with significant delays. Taking this standpoint, a general characterization of the ankle reflex stability can be made.
Under normal conditions, the ankle stretch reflex can be equated to a marginally stable control system because the response to rapid disturbances experienced by the soleus is significantly delayed. Generally, stability is not an issue because at normal levels of motoneuron excitability, the afferent output produced during the relaxation (or lengthening) phase following a muscle contraction will not be sufficient to reach motoneuron current threshold and elicit firing. However, the reflex is only marginally stable because if this threshold is reduced in subjects without neurological impairment (as may arise with extreme fatigue [1] , [4] ), or in pathological subjects, then afferent discharge may then be sufficient to generate motoneuron discharge and repetitive firing.
Returning to the analogy of a high-gain negative feedback controller, previous studies have shown that by simply increasing feedback gain in the reflex pathway, unstable behavior will occur [32] . Reducing the motoneuron current threshold has a similar effect as increasing gain since small error signals will have a pronounced effect on the output of the plant. This can be seen in Fig. 3 , as the same amount of input to both relationships will result in much higher motoneuron activation in the hyperexcitable case. It should be stressed that, although changes in both gain and threshold result in similar behavior, their underlying mechanisms are extremely different. In fact, we favor the hypothesis that gain does not change in spasticity, but remains relatively constant (see Section IV-A).
We have shown through the simulations that simply reducing the latency in the reflex pathway by either reducing the conductive time delay or by replacing the soleus slow twitch characteristics with those of fast twitch muscles will cause the oscillations to damp out. The fact that sustained oscillations are dependent on this long delay helps to explain why clonus is found most frequently at distal joints, such as the ankle and wrist, as these joints have long reflex pathways. Iansek [18] found similar delay dependent effects on clonus in human subjects, and concluded that the frequency of EMG bursts during clonus was inversely proportional to reflex path length.
Eventually, the oscillatory contractions observed in spastic subjects will damp out for several reasons. Typically in stroke and spinal cord injury, the muscles are more fatigable than normal. Thus after several cycles of movements, the force generating capacity of the muscle may be insufficient to overcome the mechanical load at the ankle. Another reason the oscillations may stop is due to time-varying inhibitory properties in the reflex loop. Possible mechanisms include decreased spindle output, inhibitory force feedback from Ib neurons, or autogenetic inhibitory interneuronal circuits.
A. Evidence for Altered Motoneuronal Responsiveness
The hypothesis of a reduced motoneuron threshold in spasticity is supported by experiments done in both human and animal preparations [22] , [23] . Powers et al. [23] found that when elbow muscles of normal and spastic subjects were driven through a one radian movement at various velocities, the angle for the initiation of reflex torque was much smaller for spastic muscle than normal. Furthermore, when variations in threshold were eliminated in experiments by using voluntary muscle activation, the rate of torque rise during muscle stretch was similar between normal and spastic subjects. Assuming a consistent pattern of synaptic input, it was concluded that spasticity emerged as a result of changes in stretch reflex threshold, and that the motoneuron pool gain shown in Fig. 3 , was not significantly different from normals.
In the rat model following contusion injury to the spinal cord, Thompson et al. [22] also observed decreases in reflex thresholds in H-reflex tests, falling as much as 23.5% from normal levels. Combining these results with the fact that spindle firing sensitivity has been found to be the same in subjects without neurological impairment and spastic subjects [12] , we feel reflex hyperexcitability is mediated by reductions in motoneuron current thresholds rather than increases in spindle or motoneuron pool gains.
B. Central Oscillator Hypotheses
An alternative theory was advanced by Walsh [6] , who argued that clonus is caused by a spinal generator switched on by peripheral events, as he was unable to alter clonus frequency with an external load. Further support came from Dimitrijevic et al. [3] who applied tendon taps to the Achilles tendon of spastic subjects at various frequencies and found that the corresponding EMG levels were the highest between 5 and 6 Hz, frequencies sometimes found in clonus. They concluded that clonus was not due to a recurring stretch reflex, but relied on a spinal generator consisting of cyclical changes in motoneuron excitability.
However, Rack et al. [4] showed that when the foot was attached to a system with added inertia and stiffness, the oscillation frequency did indeed change. Rack et al. also found that EMG modulated with movement frequency, a behavior that would not exist in the presence of a spinal generator. Furthermore, Granit [7] showed that each clonic contraction was preceded by a synchronous burst from the spindles, and that the time sequence between afferent and efferent events was highly correlated.
Coupling these findings with the results of our simulations, we believe that clonus is driven by peripheral events and that the frequency of the movements is set by the overall pathway delay and the mechanical load at the ankle.
C. Analysis and Evaluation
Ultimately, we believe that this central oscillator conclusion is incorrect for several reasons. First, when applying tendon taps at various frequencies, Dimitrijevic et al. did not allow for varying mechanical interactions between the muscle and tendon [26] . Thus, at frequencies between 1 and 5 Hz (where it appeared there was a decrease in motoneuron excitability as the EMG reflex response was reduced), the timing of the perturbation may have been set so that the tendon was slack. As a result, tendon displacement would not induce as large of a spindle output as when the tendon was in tension.
Second, they found the motoneurons were refractory to synaptic inputs for an average of 100 ms following each clonic burst and felt that this cyclical change in motoneuron excitability was underlying clonus. Based on these refractory times, the system would need to oscillate and thus generate EMG bursts at frequencies above 10 Hz. for this to be an issue. However, with the combination of delays due to neural conduction and low pass filtering properties intrinsic to the soleus muscle, such high frequencies would be unattainable. As a result, the refractory periods would not play a role in the origin or behavior of clonus.
D. Mechanisms for Increased Motoneuron Excitability
There are at least three ways in which the threshold of spastic motoneurons could be reduced. First, tonic descending excitatory drive from brainstem centers could increase, causing spinal motoneurons to reside in a depolarized state, placing them closer to their firing threshold. Second, there could be a reduction in the level of tonic postsynaptic inhibition arising from regional inhibitory interneurons, which would have a similar net effect in reducing motoneuronal threshold. Finally, biophysical properties of the motoneuron could change, so that a smaller inward current flow is needed to induce action potential initiation. At present, we have no clear evidence to help us distinguish these alternatives in human spasticity, however, we would expect the latter mechanism (i.e., a change in motoneuron biophysical properties) to be associated with a change in reflex gain, as measured by reflex stiffness, which has not been consistently reported.
E. Parameter Sensitivity Analysis
A sensitivity analysis was performed on multiple parameters in the model to determine their effect on the predicted reflex output. To assist this analysis, we derived a sensitivity coefficient, which is defined as the ratio of the normalized change in model output to the normalized change in parameter. Here, the integrated reflex response (ankle angle) over the course of a 5-s simulation was used as the measure of model output.
output-output parameter-parameter (6) The model sensitivity to pathway delay and motoneuron threshold was first determined by running simulations at various delays ranging from 10 to 50 ms, while at each delay, current threshold values were varied. Fig. 11 shows a plot of the corresponding SC's, where it can be seen that for each delay trace, there is a distinct peak in threshold sensitivity, followed by low sensitivity. The values over the window of thresholds and delays ranged from 0.06 to 2.24, which suggest for the latter that a 10% change in threshold results in about a 22% change in model output. Predictably, the model was most sensitive to variations in threshold for the longest delays, highlighting stability problems at distal joints. Furthermore, the lower sensitivity at high thresholds may help to explain why subjects without neurological impairment do not ordinarily exhibit clonus, even in the presence of long pathway delays. A similar analysis was performed on other model parameters of interest, with their corresponding mean SC's shown in Table I . An interesting finding from this analysis is that there is significant coupling amongst some of the parameters (see Fig. 11 ), so that altering one parameter does not influence the model output independently. This is not surprising in such a highly nonlinear system, and in fact may help to explain why clonus has the tendency to emulate the behavior of a limit cycle.
F. Assumptions Underlying the Reflex Model
In constructing any model, assumptions and simplifications needed to be made as certain parameters and events are indeterminate in humans. The input-output properties of the motoneuron pool are represented by the relation shown in Fig. 3 , however the true input-output relation for the pool may well be significantly different. This relation is typically determined experimentally under steady-state conditions with synaptic currents applied directly to the cell soma, while during clonus, transient currents would be received at the motoneurons dendrites as well as the soma. In addition, the actual pool is made up of different motoneuron types, each with different thresholds.
It could be argued that this incremental variation in recruitment thresholds within the soleus motoneuron pool could act as a pseudo-filter, such that the resulting force output of the whole pool would elicit smooth movements. Although we acknowledge that our simplification may limit the accuracy of the simulations, we did not change the structure of the model to contain multiple relationships, each with different thresholds. This is because the soleus is a homogeneous muscle made up of nearly all slow twitch fibers, which would result in a rather sharp rate of rise in the pool function near threshold as variations in recruitment thresholds would be small.
An interesting finding which supports this assumption is that when we decreased the rate of rise of the pool relationship at threshold (i.e., added more curvature), which would be indicative of a pool with a wide range of thresholds, the oscillations always damped out. This suggests that the motoneurons of the soleus probably have similar thresholds and fire simultaneously during clonus, a characteristic common to spastic subjects.
The results from this study show that if motoneuron excitability increases by way of decreased current threshold following lesions to the CNS, when combined with significant pathway delays, reflex instability such as clonus will occur. Furthermore, we have shown that sustained oscillations can occur in a reflex pathway through self reexcitation, which contradicts the hypothesis that a spinal generator must be involved in clonus.
